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Abstract
Dry thermal oxidation of chemical vapor deposition (CVD) Si3N4 can be
enhanced by .small addition of NF3 gas into the O2 oxidant gas. Unlike the pure O2
dry oxidation, it is observed that two different kind of oxide scales are formed at
different temperature ranges. They follow different oxidation mechanism in the
fluorinated oxidation. The detail characterization of thin film using ellipsometry,
step by step etching, X-ray Photoelectron Spectroscopy (XPS), Energy Disperse
Spectroscopi '(EDS), electron microprobe, Electron Energy Loss Spectroscopy·
(EELS) and Fourier Transform Infrared Spectroscopy (FTIR) are the main research
tools used in the research. It is shown that the low temperature (800°C- 850°C) oxide
scale is mainly Si02 with small amount of fluorine and at the high temperature
(above 900°C), the oxide is a Si-O-F-N mixed oxide.
Chapter 1 Introduction
1.1 Background
Silicon nitride (Si3N4) is used widely in semiconductor device processing in
recent years. It is used as a mask during thermal oxidation for the dielectric isolation
on IC chips. LOCal Oxidation of Silicon (LOCOS) [1,2] is an isolation technology
invented in the 1970's. This process uses chemical vapor deposition Si3N4 as a
diffusion barrier for oxygen to protect the silicon under the mask from oxidation and
to grow considerable thickness of field oxide in the field region for device isolation.
Fig, 1-1 shows a typical process schematic for LOCOS process. There is a pad
oxide layer deposited between the Si3N4 layer and Si substrate as a stress relief oxide
which prevents the wafer from bowing and the generation of defects. [2] The
drawback of using the stress relief oxide is so called the "bird's beak" effect (see
Fig. 1-1) under the edge of nitride block which reduces the effective region of the
device area. It will result in a lower packing density in the IC chip.
1.2 Oxidation of Silicon Nitride
Silicon nitride is an inert material with good oxidation resistance. The
oxidation rates of CVD silicon nitride are as much as 1000 time slower than those of
2
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( M J(M J 'tan IfI = _P l-n (2.2)
Mil r M p i
A light beam can be indicated by two component plane waves which are
normal to each other. M and B are the magnitude and phase of the wave. Mp and
f3 p are the
magnitude and phase of the component wave parallel to the incident plane. Mil and
f3 n are the magnitude and phase of the component wave normal to the incident
plane. In this experiment, a Rudolph Research Auto EL-II ellipsometer with a
helium-neon laser was used. The wavelength used is 632.8 nm and incident angle
was 70°. The f]" and \If value of the thin films are converted into thickness and
refractive index by a HP-85 computer. Built in program #10 can yield both thickness
and refractive index. Program #11 can yield thickness with refractive index as input.
The refractive index of the fluorinated oxide we used in the program is 1.45 because
of its slightly looser structure of oxide compare to dry oxide. The refractive index of
Si3N4 is 2.022. For fluorinated oxidation Si3N4 samples, a double film program #21
is used to measure the film thickness. First, the f]" and \If value are taken from the
oxide film, then a 100:1 HF buffered solution was used to etch away the oxide film.
After the removal of oxide, we measured the nitride thickness remaining on the
samples by program #11. Input the Si3N4 film thickness and f]", \If data into program
18
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Figure 3-4: Oxidation of Chemical Vapor deposited Si3N4 in dry oxidation: ( 1 )
Hirai et al.[6], crystalline Si3N4; ( 2 ) Hirai et al.[6], amorphous Si,N4; ( 3 ) Du et
al.[4]; ( 4 ) Ogbuji et al.[7]; ( 5 ) Franz et al.[5]; ( 6 ) Choi et al.[3]; ( 7 ) present
work, with 100 ppm NF3 gas.
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Figure 3-5: The oxide surface of the Si3N4 after 1 hr oxidation @ 8000 e (400 x )
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Figure 3-6 The oxide surface of the oxidized Si3N4 after 2 hr 45min oxidation @
9500 e (400x)
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The size of the star shaped oxide seems to behave similar to grain nucleation and
growth. From Fig. 3-6 to Fig. 3-8, the average diameter of the "star shaped" oxide
grows from 10 !-lm to roughly 40 !-lm. The size changes are very obvious in the
photos. Because NF3 is a very active gas in the furnace (see SOLGAS), we assume·
the oxidation mechanism at 950°C as the oxident gas penetrates the oxynitride layer
and an oxide nucleates at the "defects". After the nucleation, the oxide nuclei grows
as the oxidation continues. The size of the star shaped oxide seems to behave similar
to grain nucleation and growth. From Fig. 3-6 to Fig. 3-8, the average diameter of
the "star shaped" oxide grows from 10 !-lm to roughly 40 !-lm. The size changes are
very obvious in the photos. Because NF3 is a very active gas in the furnace (see
SOLGAS), we assume the oxidation mechanism at 950°C as the oxident gas
penetrates the oxynitride layer and an oxide nucleates at the "defects". After the
nucleation, the oxide nuclei grows as the oxidation continues.
In addition, etching rate experiment were also performed on the oxidized Si3N4.
A 100:1 HF buffered etching solution was used in 30 seconds steps to etch samples.
Ellipsometry was used to measure the oxide thickness. Each oxidized Si3N4 etching
rate is compared with its control sample which is a fluorinated oxidized Si (Si02)
With the same oxidation run as the oxidized Si3N4• For high temperature oxides,
etching rate experiment could not be performed because of the rough oxide surface
which can not be measured by the ellipsometry since the oxide is not etched
uniformly. The high temperature oxide also can be etched by 100:1 HF easily and
36
flakes fall from the sample stuface in the etching solution which will be examined
by TEM later. Fig. 3-9 and Fig. 3-10 are the etching rate results of 800°C and 850°C
and the oxidized Si3N4 etched a lot faster than the control Si02• The etching rate of
the oxidized Si3N4 is about 60 nmlmin and the etching rate for Si02 (control sample)
is about 4 nmlmin.
3.3 X-ray Photoelectron Spectroscopy
The oxides were analyzed by X-ray Photoelectron Spectroscopy (XPS) for
quantitative analysis and bonding information[52]. The analysis was performed on
the low and high temperature oxidized Si3N4 separately. Fig. 3-11 is the energy
survey diagram along with the quantitative analysis result for oxidized Si3N4 which
.oxidized at 800°C for 1hr. There are Si, 0, F and C peak in the binding energy
diagram. No nitrogen was detected in the oxidized Si3N4 formed at 800°C. The
quantitative analysis result (see table 3-2) shows
Silicon Oxygen Nitrogen Fluorine Carbon
1 hr at 800°C 32 64 0 1 3
2 hrs at 950°C 29 60 5 0 6
3 hrs at 950°C 37 41 18 2 2
Table 3-2: Quantitative analysis results ( at%) from XPS, the accuracy is ±5 %.
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Figure 3-9: The etching rate (l 00: 1 buffered etch) of the oxidized Si3N4 film formed
at 800ae and the Si02 formed at 800ae (control sample).
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Figure 3-10: The etching rate (100:1 buffered HF) of the oxidized Si3N4 formed at
850ae and the Si02 formed at same condition (control sample)
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Figure 3-11: The Binding Energy Survey Diagram from XPS of the oxidized Si3N4
after 8000e 1 hr oxidation.
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the ratio of Si and °is 1:2 roughly with 1 at% fluorine in the oxide because of the
100 ppm NF3 addition to the O2 oxidant gas. Si Peak position in the diagram [54]
proves that only Si-O bonds exists in these oxide film. In summary, the low
temperature oxidized Si3N4 is Si02 with small amount fluorine in it. But, the etching
rate is much higher than the regular Si02 (see figJ-9,10). It could be caused by the
small amount fluorine in the oxide. The high temperature oxidized Si3N4 XPS
analysis result is shown in Fig. 3-12 and Fig. 3-13. The binding energy peaks of
Si3N4 oxidized at 950°C for 2 hrs and 3 hrs both show the Si, N, 0, F and C peaks.
From the data at 950°C, there is a higher concentration of nitrogen as the oxidation
time is increased. These oxides are totally different oxides compared to the low
temperature oxide because they have nitrogen in the film and more fluorine is
incorporated in this oxide. From the XPS analysis of oxidized Si3N4, it is believed
that low temperature Si3N4 oxidation product is similar to Si02 and high temperature
Si3N4 oxidation product is a Si-O-N-F mix-oxide. A possible explanation of the
quantitative analysis results of Si3N4 is that oxidized Si3N4 is renitrided at the high
temperature fluorinated oxidation process. More chemical analysis by other
techniques should be used to get more infonnation about this mechanism
40
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Figure 3-12: The Binding Energy Survey Diagram of the oxide grown at 950°C 2
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Figure 3-13: The Binding Energy Survey Diagram from XPS of the oxidized Si3N4
at 950°C 3 hrs
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3.4 Transmission Electron microscope and Related Chemical Analysis
3.4.1 Electron Energy Loss Spectroscopy
To understand the observed fact about the high temperature ( >950'T ) oxidized
Si3N4, the cross-sectional TEM image of the sample before and after oxidation were
prepared. Fig. 3-14 is the X-TEM image of the LPCVD Si3N4 with pad oxide
between the nitride and Si substrate. After 950°C 3 hours fluorinated oxidation,
XTEM image of the sample is shown in Fig. 3-15. The oxide layer isn't very
uniform in thickness. Because all the elements in the oxide are light elements,
quantitative analysis by the electron energy loss spectroscopy (EELS) was suitable
for the sample. Fig. 3-16 is a cross-sectional SEM image of the same sample from
STEM VG501, element concentration was measured by scanning from the silicon
substrate to the oxidized Si3N4 surface in order to see the elemental concentration
difference of each layer. The final scan result is in Fig. 3-17 which indicates oxygen,
nitrogen and fluorine concentration ( by counts) of the thin layers. From the EELS
analysis, the substrate is Si which has no 0, N and F in it. There is a 30 nm thick
oxide layer just above the substrate contain 0 and small amount of F in the oxide. A
narrow layer contains nitrogen but no 0 or F was detected in the sample. It should
be a Si3N4 layer. From the cross-sectional concentration profile of the sample,
nitridation has occurred during the fluorinated oxidation at 950°C. To explain this
unique nitridation result, the equilibrium partial pressure of the various chemical
42
50 nm
Figure 3-14: X-TEM Image of the LPCVD Si3N4 (with pad oxide) before
oxidation.(280000x)
Oxidized SbN4 Si substrate 100 nm
Figure 3-15: XTEM image of the LPCVD Si3N4 (with pad oxide) after 950°C 3 hrs
oxidation.(l OOOOOx)
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Figure 3-14: X-TEM Image of the LPCVD Si3N.j (with pad oxide) before
oxidation. (2 80000x)
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Figure 3-15: XTEM image of the LPCVD Si3N.j (with pad oxide) after 950°C 3 hI's
oxidation.{ 1OOOOOx)
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Figure 3-16 : The STEM X-sectional image of the same sample in figure 3-
15.(lOOOOOx)
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Figure 3-17: The concentration profile of oxygen, nitrogen and fluorine through the
x-section of the sample from the EELS analysis.
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Figure 3-17: The concentration profile of oxygen. nitrogen and t1uorine through the
x-section of the sample from the EELS analysis.
species in the fluorinated oxidation furnace by SOLGAS [55] program ( Fig. 3-18)
was reviewed. There are some reaction product from the oxidation of Si3N4. NO and
Nz gases will come out from Si3N4 during the oxidation of Si3N4 to SiOz' In Fig 3-
16, the Nz and NO partial pressure are higher as the oxidation temperature increases
and it could be the reason for the high temperature nitridation results in the
experiment.
3.4.2 X-Ray Analysis
Since the high temperature oxide has a porous structure and it had some flakes
left in the etching solution, a 3.2 mm diameter copper grid was dipped in the left
over etching solution to catch some flakes from the sample. After air drying the
sample on filter paper, a carbon layer was deposited by the evaporator to make the
sample conductive and it was examined under TEM. Fig. 3-19 is the TEM image of
the sample, a considerable amount of flakes were caught by the copper grid. Fig. 3-
20 is a close-up image of a flake and the diffraction pattern of this flake is in Fig. 3-
21. The flake has an amorphous structure as shown by its diffraction pattern rings.
The flake was then analyzed by X-ray. The result is in FigJ-22 and only silicon can
be detected by the EDS system in the TEM because the EDS system can't perform
light element analysis such as 0, N and F. However, the flake on the copper grid
was identified as the flake fallen from the oxidized Si3N4 because of its silicon
45
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Figure 3-18: Equilibrium partial pressure in O-N-F-H System as a function of
temperature as calculated by a modified SOLGAS program. [ Raposo]
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100 ~m
Figure 3-19: TEM image of the flakes caught by a copper grid from oxidized Si3N4
(130x)
1 ~m
Figure 3-20: The close up image ofa single flake on the copper grid. (13000x).
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100 ~lm
Figure 3-19: TEM image of the t1akes caught by a copper grid from oxidized Si;N~
(130x)
1 ~lm
Figure 3-20: The close up image of a single t1ake on the copper grid. (13000x).
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Figure 3-21: The diffraction pattern of the flake in figure 3-20. (575x).
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Figure 3-22 : The X-ray analysis result of the flake in figure 3-20.
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Figure 3-21: The diffraction pattern of the ±lake in figure 3-20. (575x).
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Figure 3-22 : The X-ray analysis result of the t1ake in tigure 3-20.








been nitrided in the O2 + NF3 gas ambient. An oxynitride film was formed in surface
region of the oxidized Si3N4 film. As the oxidation time increases, More nitrogen is
incorporated into the oxidized Si3N4• There is a renitridation reaction in the oxide.
4.2 Future suggestion
From the results of the study, fluorinated oxidation of Si3N4 could have some
contribution to the semiconductor process technology. The high etching rate of the
oxidized Si3N4 leads us to do a experiment about a new nitride removal technique
except the dry etching. After field oxide are formed at high temperature for device
isolation process, Si3N4 mask should be removed. Dry etching technique is the only
efficient way to etch away the Si3N4 since the Si3N4 is not etchable in wet chemical
such as HF. Instead of the dry etching, a low temperature (800-850°C) fluorinated
oxidation is held in order to oxidize the Si3N4 in a short time (such as 1 hr). After the
fluorinated oxidation, the oxidized Si3N4 can be etched easily in a HF buffered
solution. Not only the Si3N4 can be removed, but the "bird's beak" effect in the
LOCOS process can be minimized because of the oxide stress relaxation in the
fluorinated oxidation.
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